neural tissue, we made recombinant fusion proteins expressing epitopes of flagellin. Antibodies in patients' sera and mAb H9724 bound within an 18-amino acid epitope (residues 208-225) in the central region of flagelin, whereas two other mAbs bound to epitopes mapping elsewhere in the protein. Antibodies in patients sera and mAb H9724 also bound to a human neuroblastoma cell line. Absorption of patients sera with a peptide, EGVQQEGAQQPA, corresponding to amino acids 213-224 of flagellin, inhibited binding to the neuroblastoma cell line. The data suggest that the immune response to a specific B-cell epitope within flagellin, shared by a human neuroblastoma cell line, may be involved in the pathogenesis of neuroborreliosis.
Lyme borreliosis, a multisystem infection caused by the spirochete Borrelia burgdorferi (Bb), can cause neurologic disease (1) . Acute neuroborreliosis includes meningitis, cranial neuritis, and radiculoneuritis. Chronic neurologic involvement includes encephelopathy, polyneuropathy, and leukoencephalitis (1, 2) . The pathogenesis of neuroborreliosis, however, is unclear (3) . Examination of the cerebrospinal fluid (CSF) of patients with neuroborreliosis shows a mononuclear pleocytosis, the presence of antigen-specific T-cells, and intrathecal production of Bb-specific antibody, suggesting that a local immune response may be involved in the disease (4) (5) (6) . In some cases, spirochetes have been cultured from the CSF of patients with neurologic symptoms, implicating local infection as a cause of tissue destruction (7) . However, the organism has never been seen in or grown from biopsy specimens of affected nervous tissue. Nevertheless, experiments using mice have suggested that spirochete virulence may play a role in the development of neurologic infection (8) . The disease, therefore, may be due to a direct effect of spirochetes at the site of infection, the host response to Bb, or the host response to tissue antigens that may mimic those of Bb.
Antibody may play a role in the development of neurologic Lyme disease. Antibodies to the Bb flagellin are prominent in serum during infection, and local CSF antibody production to spirochetal antigens, including flagellin, occurs (6, 9, 10) . Furthermore, sera from patients with neurologic manifestations of Lyme disease have IgM antibodies that bind human axons (11) . Binding has been shown to be weak or absent in patients without neurologic disease. Similar results occur with a mouse monoclonal antibody (mAb H9724) to flagellin (11) . The same human antibodies that bind to human axons, and mAb H9724, bind to human neuroblastoma cell lines SK-N-SH, SK-N-HC, and IMR-32, as well as rat neuroblastoma cell lines B103-6 and B104, rat phenochromocytoma cell line PC12, and calf adrenal tissue, but not to mouse neuroblastoma cells (L.H.S., unpublished data). mAb H9724 also binds to myelinated fibers of peripheral nerve and other human tissues, including epithelial cells in thejoint synovium and on heart muscles (13) . This suggests that the immune response to an epitope shared by the Bb flagellin and human tissue may play a role in the pathogenesis of Lyme borreliosis.
We used a polymerase chain reaction (PCR)-based molecular mapping approach to show that antibodies in sera from patients with late Lyme disease strongly bind epitopes in the central region of flagellin (14) . Other regions of flagellin are recognized with less frequency. Our data correlate with epitope mapping studies offlagellin that used animal sera and synthetic decapeptides (15) . Both these results differ from the work ofCollins and Peltz (16) , who showed that antibodies in patients' sera bind to epitopes only within the N-terminal region of flagellin. Here we show that antibodies in the sera of patients with neuroborreliosis and mAb H9724 bind to a 12-amino acid (aa) sequence, residues 213-224, in the central portion of flagellin. Moreover, incubation of patients' sera or mAb H9724 with a peptide corresponding to this antibody binding site eliminated binding to neuroblastoma cells. This suggests that the immune response to a B-cell epitope common to the Bb flagellin and neural tissue may be involved in the pathogenesis of neuroborreliosis.
MATERIALS AND METHODS
Plasmid Construction and Recombinant Fusion Protein Expression. Plasmids expressing 11 overlapping regions of flagellin were prepared by using the sequence offlagellin from Bb B31 and the pMX vector (14, 17, 18 1A) . A third mAb, H604, bound to an epitope within the first 37 aa of flagellin (Fig. 1C) .
Since mAb H9724 has been demonstrated to bind to neural tissue, additional recombinant fusion proteins (F1-F8) were produced that expressed epitopes within fragment F (Fig. 2) . Immunoblots with these fusion proteins localized mAb H9724 binding to F4 and F5, which encompassed aa 208-225 (Fig. 3) . The overlapping sequences contain aa 212-220. mAb H9724, therefore, most likely binds to an epitope including aa 212-220.
To determine the fine specificity of the human serologic response to epitopes within fragment F, we tested 39 patients' sera by immunoblotting using fragments F1-F8. Representative immunoblots are shown in Fig. 3 8-D . Normal human sera showed no reactivity (data not shown). Table 1 that 37 of 39 patients showed reactivity with fragment F. Of the 37 sera which bound fragment F, 29 sera bound to F4 or F5. Specifically, 24 patients' sera bound to F4 and 21 bound to F5. Patients 8-12 had neurologic symptoms. All 5 sera bound F5 and sera from patients 8, 9, 11, and 12 bound F4. In addition, sera from 5 of 7 patients with erythema migrans bound F4 and F5. Sera from 15 of 27 patients with arthritis bound F4, and sera from 11 of 27 patients with arthritis bound F5. Sera from patients with erythema migrans, arthritis, or neuroborreliosis also bound epitopes of flagellin, in addition to the central region, as described by Berland et al. (14) . Furthermore, the quantitative antibody response, determined by the intensity of binding to fragment F on immunoblots, was similar in patients with erythema migrans, neuroborreliosis, or arthritis. Immunoblots with absorbed sera showed that antibodies in sera from patients with neuroborreliosis specifically bound to an epitope within aa 213-224 offlagellin. Immunoblots of the flagellar fragments A-K and fragments F1-F8, as described for Figs. 1 and 2 , respectively, probed with serum from patient 11, showed a binding pattern identical to mAb H9724. Sera from patients with Lyme arthritis that bound to F4 and F5 also bound other epitopes within the central region of flagellin (Fig. 3B) with the exception of patient 24 (Table 1 ). In addition, sera from patients with arthritis bound other regions of flagellin outside the central region, as previously described (14) . Serum from patient 11 was then incubated with a peptide corresponding to aa 213-224. Immunoblots with the absorbed serum showed that binding to flagellin (fragments F, F1-F8) was eliminated (Fig. 4) . Binding to flagellin fragments A-K was also eliminated. Absorption experiments with sera from two other patients with neuroborreliosis, and mAb H9724, gave similar results.
To determine whether sera from patients with neurologic Lyme disease and mAb H9724 bound to a neuroblastoma cell line, we performed indirect immunofluorescence studies (Fig. 5) . The results, in agreement with previous work indicating that mAb H9724 and antibodies in patients' sera bind to human tissue, showed that mAb H9724 and sera from patients with neurologic disease bound to neuroblastoma (Table 1) . Lanes with fragments A-K (A) and F1-F8 (B and C) are described in Figs. 1 and 2 . Patient serum was incubated with peptide EGVQQEGAQQPA for C. Immunology: Fikrig et al. cells (Fig. 5 A and B) . Sera from several patients with Lyme arthritis did not show significant binding to the neuroblastoma cell line (data not shown), as expected from previous studies (11) . mAb H604, which binds to a flagellar epitope near the N terminus, and which is the same isotype (IgG2a) as H9724, did not bind to neuroblastoma cells. In addition, both fixed and unfixed neuroblastoma cells probed with mAb H9724 showed staining. This suggests that the crossreactive epitope is expressed, at least in part, on the cell surface (data not shown).
To determine whether binding in patients' sera was specific for this epitope, patient serum was first incubated with a peptide corresponding to aa 213-224 of flagellin. Immunofluorescence studies using the absorbed serum showed that binding to the neuroblastoma cell line was eliminated (Fig.  5C) . Incubation of the mAb H9724 with peptide also eliminated binding to the cell line (Fig. 5D ).
DISCUSSION
In this study we identified an antibody binding site shared by the Bb flagellin and neural tissue. This epitope of flagellin (aa 213-224) was also recognized by mAb H9724. This study is in agreement with our previous work showing that the central region of flagellin is immunodominant (14) . Our work also extends the results of Schneider et al. (19) (20) , and this crossreactivity may cause pathologic damage in chronic Chagas disease. Previous work has shown that Bb flagellin mAb H9724 binds to a human axonal antigen (11) . Whether direct antibody-mediated damage is part of the immunopathogenesis of Lyme disease is uncertain. However, the presence of high antibody titers in the CSF correlates with clinical signs of neuroborreliosis (4) . Interestingly, while C3H mice infected with a cloned strain of Bb N40 develop severe arthritis and carditis, the animals do not develop nervous system infection, symptoms, or pathology (8) . Furthermore, neural tissue from mice does not react with mAb H9724, suggesting that murine neural tissues do not contain the crossreacting epitope (L.H.S., unpublished data). This suggests that antibody that binds to a specific epitope of the Bb flagellin and crossreacts with human neural tissue may play a role in the pathogenesis of disease.
It has been suggested that the peripheral nerve lesions in Lyme borreliosis and experimental allergic neuritis, a T cell-mediated disorder, are similar (13) . While T-cell clones Proc. Natl. Acad. Sci. USA 90 (1993) 187 have been isolated from patients with Lyme borreliosis, their role in the pathogenesis of disease is not known (21) . It is interesting, however, that some patients with Lyme central nervous system disease do have antigen-specific T cells in the CSF (5) . The pathogenesis of Lyme borreliosis is just beginning to be elucidated. Three working hypotheses can be advanced. One is that differences in the spirochete, including the production of specific virulence factors, may account for differences in disease. Other studies indicate that host susceptibility may be a factor. Third, autoreactivity due to the host immune response and possibly predicated on molecular mimicry may be involved (12) . This study identified the epitope of flagellin which is bound to mAb H9724. This epitope is recognized by antibodies from patients with neuroborreliosis, and binding of patients' sera and H9724 to a human neuroblastoma cell line can be eliminated by absorption with peptide. The data suggest a role for human antibodies that crossreact with the Bb flagellin and neural tissue in the pathogenesis of neuroborreliosis.
